INTRODUCTION

58
Electrical brain stimulation (EBS) is a type of electrotherapy that modulates neuronal activity using a 59 controlled electric current and is increasingly used alone or in combination with other clinical therapy 60 for various neurological disorders, such as essential tremor [1, 2] , epilepsy [3, 4] , Parkinson's disease 61 [5, 6] , chronic pain [7], depression [8] , cerebral infarction, and other brain disorders [9, 10] .
62
Essentially, EBS generates an electrical field that affects specific populations of neurons. Numerous 63 researchers have attempted to determine how this electrical field influences neural activity in local 64 and remote neural circuits and the casual relationship with the resulting behavioral changes. However, 65 there are many different types of neuronal cells that are under the influence of specific 66 neurotransmitters, and it is still unclear exactly how EBS works.
67
The specific function triggered when a neural circuit is stimulated depends on the type of brain cell 68 involved. Each type of neuron has a specific modulatory effect, such as post-synaptic excitation or 69 inhibition, and the different types of neuron are interconnected. Several studies have shown that the 70 efficacy of transmission at the synapse can undergo a short-term increase (known as facilitation) or 71 decrease (depression) according to the activity of the presynaptic neuron [11] [12] [13] [14] . However, previous 72 studies of the mechanism of EBS have usually focused on the function of pyramidal neurons [15-18], 73 given that they are assumed to play a key role in activation of neural activity and the associated 74 plasticity in the stimulated cortex. Although recent studies have shown that excitatory neurons are 75 strongly regulated by inhibitory neurons via feed-forward and feedback mechanisms [19, 20] , the type 76 of cells most influenced by EBS is still unknown [21] [22] [23] .
77
The basic mechanisms underlying EBS include functional reorganization of neural structures, 78 substrates, and increased synaptic plasticity, which are modified by various factors, such as the 79 stimulation type and parameter, and current brain status [24] [25] [26] . Recently, transcranial alternating 80 current stimulation(tACS) has become popular because it shows entrainment of brain oscillations in a 81 frequency-specific manner and can be administered using various parameters, including sinusoidal 82 weak intensity stimulation [23] , but there is doubt regarding their effectiveness [27] . And also, there 83 remain many uncertainties regarding the interaction between neural excitability and strong sinusoidal 84 stimulation.
85
The aim of this study was to identify the neural cell populations that are activated during SEBS. 
99
The rats were anesthetized using a mixture of ketamine hydrochloride 100 mg/kg and xylazine 7 100 mg/kg. After 15 minutes, the rats were fixed in a small-animal stereotactic frame. Body temperature 101 was maintained at 37.5±5°C with a thermocouple blanket. With bregma (B) and lambda (L) in a flat 102 plane as reference points, a small craniectomy was performed 3 mm posterior to bregma and 3 mm 103 lateral to the midline. All 40 rats underwent insertion of a custom-made electrode (diameter 3 mm, 104 height 0.37 mm) via craniotomy in the epidural area, with a 0.7-mm-diameter reference screw 105 electrode placed 2 mm anterior to bregma and 3 mm lateral to the midline. The electrode extended 106 from 1.5 mm to 4.5 mm posteriorly and 1.5 mm to 4.5 mm lateral to bregma (9 mm 2 ), covering the 107 hindlimb, trunk, and forelimb areas of the sensory cortex. The electrodes were connected to a pedestal 108 on the skull, fixed and sealed with bone cement, and then connected to a stimulator (Cybermedic Co.
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Ltd., Iksan, Korea) via a swivel adaptor at the top of the cage. All rats in each group were euthanized and processed for c-Fos immunohistochemistry after 1 week of 121 cortical stimulation. Immunohistochemistry was performed as described previously [28] . Briefly, rats 122 were perfused with 4% paraformaldehyde (PFA), post-fixed in 4% PFA overnight, and the brains were 123 sunk to 30% sucrose for cryoprotection. Coronal brain sections (40µm) were performed using 124 microtome. Rat brain sections were incubated with following antibodies: rabbit anti-c-Fos 
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To simulate neuronal responses according to the predicted potential distributions calculated in the rat 183 head model, we constructed a multi-scale model that virtually combined the single-compartment 184 neuronal models with the rat head model [33, 34] . The multi-scale model consisted of the following 185 two-step process. First, the excitatory and inhibitory neurons were distributed on the cortical surface.
186
Second, the external stimulus calculated using the rat head model was applied to neuronal models. 187 Therefore, the external input
was added to the cable model where (Table S1 ). SEBS at 40 Hz resulted in the highest significant increment of c-Fos-positive cell count in 208 the contralateral sensory cortex (p<0.05). In the 20 Hz SEBS group, activation was highest in the 209 thalamus (p<0.001). Regardless of frequency, the increments in neuronal activity were significantly 210 greater in the EBS groups than in the sham group ( Fig. 3B , Table S1 ). Fig. 4C ).
227
We also calculated the normalized ratio from the average value in the sham group to compare the 228 excitatory and inhibitory neurons at each frequency ( Fig. 4D ) and specific regional neurons between 229 three different frequencies (Fig. 4E) Fig. 4D ).
236
The activity of excitatory neurons that received 40Hz and 60Hz SEBS was significantly greater than 237 that of excitatory neurons that received 20Hz SEBS on both the ipsilateral and contralateral sides 238 (p<0.05 and p<0.05, respectively); however, the activity of inhibitory neurons was significantly 239 greater in response to 20Hz SEBS than in response to 40Hz and 60Hz SEBS only on the ipsilateral 240 side (p<0.01; Fig. 4E )
241
CaMKII-positive excitatory neurons were predominantly located in layers 2/3 and 6 but PV-positive 242 inhibitory neurons were mainly found in layers 4 and 5 [40, 41] . We quantified the number of neurons 243 activated according to the cortical layer in which they were located by dividing the cortex into 10 bins 244 ( Supplementary Fig. 2A, 2B ). We found that 40Hz SEBS activated excitatory neurons in the whole 245 cortical layer but that 60Hz SEBS only activated neurons in layers 2/3 and 6. Although 20Hz SEBS 246 did not activate excitatory neurons, it activated inhibitory neurons in the entire cortical layer, and 40-
247
Hz and 60-Hz SEBS activated inhibitory neurons in the deeper layer ( Supplementary Fig. 2C, 2D ).
248
Computational simulation for observing the effect of SEBS on geometrical and neuronal 249 responses at different frequencies
250
We performed computational simulation to identify the geometrical impact of SEBS on activation of 251 neurons and their firing rate. First, the current density induced by a 1-V stimulus amplitude was 252 computed (Fig. 5 ). As expected, there was a higher current density in the CSF because of higher 253 conductivity, and the current density was strongest in the brain area directly beneath the electrode. A 254 high current density is observed at the edge of the active electrode because of the edge effect whereas 255 the reference electrode has less of an edge effect because it is smaller. Second, in order to elucidate 256 the functional mechanism of different excitatory/inhibitory neuronal activation by SEBS, we 257 simulated single neuron responses by increasing the external stimulus. The action potentials (APs) 258 efficiency, which is the percentage of action potentials per stimulation pulse, is shown in Fig. 6 , and 259 clearly shows the firing patterns. Generally, there was no firing for a lower stimulus amplitude with a 260 higher stimulus frequency and there was burst firing for a stronger stimulus amplitude with a lower 261 stimulus frequency. Following current-controlled stimulation, phase-locked firing patterns were 262 frequently observed in both inhibitory and excitatory neuron models. The stimulus amplitude needed 263 to evoke APs was lower for inhibitory neurons than for excitatory neurons. Third, we coupled 264 individual neurons to spatial patterns of a stimulus-induced current field calculated using a rat head 265 model (Fig. 7) . Consistent with the spatial distributions of current density shown in Fig 
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The effects of EBS were divided into those that occurred during stimulation and those that occurred 305 after stimulation. Those that occur during stimulation are solely dependent on changes in the 306 membrane potential while those that occur after stimulation depend on membrane depolarization [15] 307 and synaptic modulation [47] . The aftereffects of cathodal tDCS depend on modulation of 308 glutamatergic synapses [15] . The mechanism of action of SEBS in the context of specific neurons 309 could be different from the simple summation of anodal and cathodal tDCS effects The phenotypic 310 effect is represented as the balance of excitatory and inhibitory neuronal responses. Our simulation 311 results showed that 20Hz SEBS evokes the strongest inhibitory and excitatory neuronal responses in 312 both model of rat and human brain ( Fig. 7, Supplementary Fig. 1 ). Since the inhibitory neuronal 313 simulation responses are much larger than excitatory simulation neuronal responses in the group that 314 received 20Hz SEBS, our clinical findings can be interpreted as meaning that stronger inhibitory 315 neuronal responses occurred in the group that received 20Hz SEBS (Fig. 4D ) and that excitatory 316 neuronal activity occurred in the groups that received 40Hz or 60Hz SEBS (Fig. 4E ).
317
Individual neuronal responses in silico
318
We simulated the activation of an inhibitory and excitatory neuron model by extracellular stimulation 319 and examined the relationship between the neuronal firing profile and stimulus frequency in respect to 320 realistic stimulus-induced field distributions. We found neuronal excitability to be reduced in response 321 to a strong stimulus frequency and inhibitory neurons were more sensitive than excitatory neurons to 322 sinusoidal stimulation.
323
We adapted an established model of excitatory and inhibitory neurons from Mahmud et al [22] . In 324 their model, an applied extracellular stimulation current was calculated by a derivative of potential 325 field, which can be interpreted by intracellular current stimulation. In our study, as an alternative, we 326 adjusted the stimulus amplitude via the activating function calculated using the simulated current field 327 in the rat head model. Therefore, we were able to take into account the neuron's location relative to 328 the electrodes, which may be an important determinant of neuronal polarization [48] .
329
Additionaly we simulated the spatial distribution of the firing rate using a human head model to 330 investigate the impact of the complex geometry of the human brain on neuronal activation, as 331 depicted in Supplementary Fig. S1 . We used a previously developed human head model [48, 49] and 332 coupled it to the same type of neuronal model in the rat head. As we placed the reference electrode on 333 the chest far from the active electrode for the human model, the activation of neurons was restricted to 334 the area of the sensory cortex directly beneath the electrode. The complex patterns reflecting the 335 complex anatomy of the brain were observed to result in activations in the sulcal wall. As expected, a 336 20-Hz sinusoidal stimulation produced the largest areas of activation and the stimulus threshold was 337 lower for inhibitory neurons than for excitatory neurons ( Fig. 7 and Supplementary Fig. S1 ). Table S1 . The number of c-Fos expression after sensory-parietal cortical stimulation.
Automated cell counts of sham, 20, 40, 60, 100Hz group in four different regions of interest:
motor cortex, sensory cortex, striatum, thalamus. Comparing stimulated groups with sham operation group showed that sinusoidal EBS increased c-Fos activity.
